In the present study, we analyzed DNA damage induced by phycocyanin (PHY) in the presence of visible light (VL) using a set of repair endonucleases purified from Escherichia coli. We demonstrated that the profile of DNA damage induced by PHY is clearly different from that induced by molecules that exert deleterious effects on DNA involving solely singlet oxygen as reactive species. Most of PHYinduced lesions are single strand breaks and, to a lesser extent, base oxidized sites, which are recognized by Nth, Nfo and Fpg enzymes. High pressure liquid chromatography coupled to electrochemical detection revealed that PHY photosensitization did not induce 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo) at detectable levels. DNA repair after PHY photosensitization was also investigated. Plasmid DNA damaged by PHY photosensitization was used to transform a series of Saccharomyces cerevisiae DNA repair mutants. The results revealed that plasmid survival was greatly reduced in rad14 mutants, while the ogg1 mutation did not modify the plasmid survival when compared to that in the wild type. Furthermore, plasmid survival in the ogg1 rad14 double mutant was not different from that in the rad14 single mutant. The results reported here indicate that lethal lesions induced by PHY plus VL are repaired differently by prokaryotic and eukaryotic cells. Morever, nucleotide excision repair seems to play a major role in the recognition and repair of these lesions in Saccharomyces cerevisiae.
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Introduction
Photosensitizers have been extensively used in DNA repair research due to their ability to induce oxidative damage (1) (2) (3) (4) . Recently, the relationship among oxidative stress, aging and some degenerative diseases has been demonstrated in humans (5) (6) (7) . Therefore, photodynamic compounds may constitute an important tool that can be used to mimic oxidative stress and to study the pathways involved in the recognition and repair of these lesions. Phycocyanin (PHY) has been reported to exert a variety of biological effects, including photodynamic action (PDA) (8) (9) (10) , anti-inflammatory activity in animal models (11, 12) and protection against hepatotoxins (13) . PHY has also been used as a molecular marker for electrophoretic techniques (14) and as a food additive (15, 16) . Its structure is based on an openchain tetrapyrrolic chromophore covalently bound to an apoprotein, which possesses two chromophores attached to the alpha subunit and one to the beta subunit (17, 18) . Indeed, the photosensitizing properties of PHY are linked to light activation, which seems to be related to the tetrapyrrolic chromophore light absorption, rather than to light absorption by the apoprotein (8, 10, 19) . On the other hand, the anti-inflammatory and scavenging effects of PHY are not related to light activation and may be due, in these cases, to an apoprotein protective action (11, 13) . If PHY is considered to be a photosensitizer, it may exert its biological effect by two different pathways (type I and type II reactions), with the prevalence of one over the other being dependent on the chemical nature of the sensitizer and on the molecular oxygen content in the reaction (20) . In the type I reaction, there is a direct electron transfer from the photosensitizer to the DNA, while in the type II reaction there is an energy transfer or electron transfer from the photosensitizer to molecular oxygen (20) . Recently, we demonstrated that DNA damage induced by PHY plus visible light (VL) could be repaired in vitro by Fpg protein and that it depended on the uvrA gene of E. coli in vivo. Furthermore, the photodynamic action of PHY could be inhibited by the addition of atoxic concentrations of sodium azide, indicating the production of singlet oxygen (10) . The Fpg, as well as Nth, Nfo and Xth proteins belong to the base excision repair (BER) and the UvrABC complex belongs to the nucleotide excision repair (NER), the most effective pathways that bacterial cells possess to counteract oxidative damage in DNA (21, 22) . BER and NER are also present in yeast and in human cells (22) . Saccharomyces cerevisiae possesses a functional homolog of the bacterial fpg gene, the OGG1 gene, which, like fpg, is responsible for the recognition and repair of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo) and 2,6-diamino-4-hydroxy-5-Nmethylformamidopyrimidine (FapyGua) (23) .
In the present study we used purified DNA repair endonucleases to characterize the chemical profile of PHY-induced lesions in the presence of VL. The identification of DNA damage was based on the substrate specificity of the following DNA repair enzymes from E. coli: the Fpg and Nth proteins for photo-oxidized purines and pyrimidines, respectively, and the Nfo protein for regular and modified abasic sites or AP sites (3, 4, 21, 24) . The production of 8-oxodGuo was monitored in PHY and methylene blue (MB)-photodamaged DNA using HPLC coupled to an electrochemical detector (HPLC-ECD). We have also investigated the repair of DNA lesions induced by the PHY and MB photosensitization using the YEplac181 plasmid DNA, which was treated with both photosensitizers in a cell-free system and then used to transform a series of S. cerevisiae DNA repair mutants. The yeast cells were also directly submitted to the photodynamic action of PHY and MB.
The results reported here demonstrate that PHY induces photooxidative damages in DNA that represent mostly single strand breaks followed, to a lesser extent, by base-oxidized sites. Moreover, only the NER system of Saccharomyces cerevisiae, but not the OGG1 gene, was found to be involved in the repair of lethal lesions induced by PHY plus VL. Thus, oxidative damage induced by PHY is repaired in different manners in prokaryotic and eukaryotic organisms.
Material and Methods

Chemicals
Methylene blue was purchased from Sigma Chemical Co., St. Louis, MO, USA, and stock solutions (200 µg/ml) were made in PBS and kept at 4 o C. Phycocyanin was purified from Spirulina platensis as previously described (10 (25, 26) .
Cell growth
Escherichia coli JM105 was grown in LB broth at 37 o C with shaking. The medium was supplemented with ampicillin (100 µg/ ml) when cells were hosting plasmid YEplac181. Yeast strains were grown in YPD medium (1% yeast extract, 1% bacto peptone and 2% glucose) or YNBD minimal medium (0.7% yeast nitrogen base without amino acids and containing 2% glucose) at 30 o C with shaking (27) . YNBD medium was supplemented with histidine (100 µg/ml), leucine (100 µg/ml), lysine (40 µg/ml), uracil (20 µg/ml) or tryptophan (20 µg/ml) according to the auxotrophic requirements of each yeast strain. Solid medium was prepared by the addition of 2% agar to yeast medium and of 1.5% to the bacterial medium.
Plasmid and DNA repair endonucleases
Plasmid YEplac181 [LEU2-2µ, Amp R ] (28) was prepared from transformed JM105 using the Qiagen midi-prep kit (Qiagen, Paris, France) and stored at -20 o C in TE buffer. The DNA repair endonucleases Fpg, Nth and Nfo were prepared from overproducing E. coli strains and purified to apparent homogeneity according to previously described methods and were from our laboratory stock (29) (30) (31) .
Photosensitization of yeast and plasmid DNA
Yeast cells were grown in YPD medium and incubated for 24 h at 30 o C with shaking. An aliquot was then taken and diluted in fresh YPD medium to obtain a 0.2 A 650 nm . This culture was incubated at 30 o C with shaking to reach a density of 10 7 cells/ml. The cells (10 ml) were washed twice with PBS and resuspended in PBS containing PHY (500 µg/ml). The cell suspension was incubated in the dark for 1 h at 30 o C with shaking. Irradiation with VL was performed at room temperature in Petri dishes (3.0 x 1.0 cm) containing 2.0 ml of cell suspension as previously described (10) . Plasmid YEplac181 (25 µg/ml) was diluted in PBS buffer and incubated in the presence of PHY (500 µg/ml) or MB (2 µg/ml). Each mixture (200 µl) was placed in a 96-well microtiter plate and irradiated at 0 o C. Irradiation with VL was performed using a GE PAR 38 Cool beam 220 V/150 W lamp as previously described (10) . Fluence was measured with a YSI-Kettering model 65A radiometer (Yellow Spring Instruments, Yellow Spring, OH, USA). After PDA treatment, the cell suspension was diluted and plated onto YPD and scored after 48-h incubation at 30 o C. MBtreated DNA was ethanol precipitated, washed with 70% ethanol and resuspended in 50 µl of BE 16 buffer (26). Phycocyanintreated DNA was incubated with proteinase K (5 µg/ml in BE 16 buffer) for 30 min at 37 o C and extracted with phenol/chloroform before ethanol precipitation.
Quantification of DNA strand breaks and endonuclease-sensitive sites
The standard reaction mixture (20 µl fi-nal volume) contained 0.15 µg of plasmid YEplac181 DNA, either untreated or treated with PHY or MB PDA, and 10 ng of Fpg, Nth or Nfo proteins (4). The reactions were carried out at 37 o C for 15 min and stopped by the addition of 3 µl 10% SDS. The reaction mixtures were then submitted to 0.8% gel agarose electrophoresis. The fraction of supercoiled and open circular DNA was determined after ethidium bromide staining and analysis using the Image Store System V.5 and quantified with the NIH Image Program. The average number of strand breaks per circle was calculated assuming a Poisson distribution of the lesions (24) .
Preparation of competent cells and transformation
Transformation of the Saccharomyces cerevisiae strains with YEplac181 plasmid DNA was performed by the lithium acetate method (28) . Yeast transformants were plated onto YNBD-agar without leucine and scored after 72-h incubation at 30 o C.
Detection of 8-oxodGuo in DNA treated with PHY or MB plus visible light
The presence of 8-oxodGuo was determined by HPLC-ECD. The analyses were performed using a Waters chromatographic system coupled to an electrochemical detector (Waters, model 460). A C18 µBondapack column equilibrated with methanol/water (5:95, v/v) containing 50 mM sodium citrate, pH 5.0 (BSC solution), was used. The electrochemical detector was calibrated at 700 mV with 100 µl of an 8-oxodGuo standard solution (0.1 µM in BSC). All the analyses were performed under isochratic conditions at 1 ml/min. Salmon sperm DNA (500 µg/ml) was treated with PHY (1 mg/ml) or MB (5 µg/ml) plus VL as described for plasmid DNA in Material and Methods. The samples were ethanol precipitated and resuspended in BE 15 (10) . A 5-µl aliquot of each sample was used to react with Fpg protein (50 µg/ml) for 1 h at 37 o C in BE 15 (final volume 10 µl). The reactions were stopped by the addition of 90 µl ice cold BSC. The samples were then injected into the HPLC-ECD apparatus. The number of 8-oxodGuo/10 5 DNA bases was calculated by the method of Karahalil et al. (32) .
Results
Enzymatic recognition of DNA lesions induced by PHY
In order to determine the chemical nature of DNA lesions induced by PHY plus VL we used a set of DNA repair endonucleases purified from Escherichia coli. Enzymatic recognition of DNA lesions constitutes a strategy that has been widely used for DNA damage characterization. In this test, supercoiled double-stranded plasmid DNA (YEplac181) was treated with PHY or with MB plus VL. After photosensitization, plasmid DNA was incubated with one of the following repair endonucleases from E. coli: Fpg, Nth and Nfo proteins. These enzymes are able to nick DNA at the phosphodiester backbone in a specific manner and induce relaxation of the supercoiled DNA. Single strand breaks corresponded to DNA strand breaks induced by the PDA of PHY or MB without post-incubation in the presence of repair endonucleases. Figure 1 shows SSB and enzyme-sensitive sites in DNA treated with PHY or MB plus VL. The most frequent DNA modifications induced in DNA after PHY photosensitization are single strand breaks, followed by Fpg-and Nth-sensitive sites, which are likely to be damaged purines and pyrimidines, respectively (Figure 1 ). Nfosensitive sites were less abundant, indicating that base loss sites are produced to a lesser extent after PHY photosensitization. In contrast to PHY plus VL, MB phototreatment induces a large excess of Fpg-sensitive sites and few single strand breaks (Figure 1 ).
Detection of 8-oxodGuo in DNA treated with PHY and MB plus VL using HPLC-ECD
In early studies, it was reported that PHY photosensitization may involve the production of reactive oxygen species. The addition of sodium azide protected bacteria against the lethal effects of PHY plus VL (10). Furthermore, the Fpg protein, which recognizes 8-oxodGuo, was able to nick DNA in vitro after PHY plus VL treatment (10). Moreover, 8-oxodGuo is a coding lesion that increases the incidence of GC®TA transversions in bacterial and yeast mutants defective in Fpg and Ogg1 functions, respectively (25, 33) . These results led us to monitor the formation of 8-oxodGuo in DNA after PHY photosensitization. Using HPLC-ECD, the production of 8-oxodGuo was measured in DNA treated with MB or PHY in the presence of increasing VL doses (Figure 2 ). In the presence of MB, increasing VL induced 8-oxodGuo in DNA, reaching a plateau at 720 kJ/m 2 (1-h light exposure), which may be due to an equilibrium in 8-oxodGuo degradation/formation in DNA (34) . On the other hand, after PHY photosensitization, no significant amount of 8-oxodGuo was detected in DNA, indicating that 8-oxodGuo is not produced in DNA or is being produced at a very low rate (Figure 2) .
Survival of Saccharomyces cerevisiae cells and of YEplac181 plasmid DNA treated with PHY plus VL
None of the yeast strains tested was sensitive to phycocyanin PDA. The FF18733 (wild type), CD138 (ogg1) BP10 (rad14) and BP20 (ogg1 rad14) strains were submitted to PHY plus VL treatment under different conditions: increasing dye concentration, enhanced incubation temperature, increased incubation periods in the dark (over 2 h) and increasing visible light doses. However, even in these conditions, survival of PHY plus VL-treated cells remained the same as that of the control cells, without PHY (data not shown). Therefore, we decided to sensitize plasmid DNA and measure its survival after transformation in the S. cerevisiae strains. Figure 3 shows the survival of PHY photodamaged plasmid YEplac181 after transformation into different S. cerevisiae DNA repair mutants. Survival of the PHY photodamaged YEplac181 in ogg1 single mutant was not significantly different from that found in the wild type strain. On the other hand, survival of YEplac181 after PHY photosensitization was greatly reduced in rad14 mutants. The survival of PHY photodamaged YEplac181 in the ogg1 rad14 double mutant was not different from that in the rad14 single mutant. Taken together, these results indicate that the ogg1 mutation does not modify plasmid survival. Therefore, the rad14 mutation, which inactivates NER in S. cerevisiae, seems to play a major role in the elimination of lethal lesions induced by phycocyanin PDA.
Survival of Saccharomyces cerevisiae cells and of YEplac181 plasmid DNA treated with methylene blue plus visible light
Survival of Saccharomyces cerevisiae was measured after sensitization with MB. Although all strains proved to be sensitive to MB PDA, there were no significant differences in lethality between the wild type strain (FF18733) and the DNA repair mutants (data not shown). Therefore, YEplac181 plasmid DNA was sensitized to determine the role of BER and NER in the repair of MB plus VLinduced lethal lesions in yeast. Figure 4 shows survival of YEplac181 plasmid DNA treated with MB plus VL after transformation in S. cerevisiae wild type and DNA repair mutants. Similarly to YEplac181 survival with PHY plus VL, when plasmid DNA was sensitized with MB and transformed into S. cerevisiae, its survival was reduced only in the rad14 mutants. The ogg1 mutation had no effect in reducing plasmid survival compared to the wild type strain.
Discussion
In the present study, we analyzed the damage profile and repair of DNA lesions induced by the photodynamic action of phycocyanin in vitro and in a cellular system. The damage profile of DNA exposed to PHY plus VL was determined using a set of DNA repair endonucleases purified from E. coli. The DNA damage profile of PHY-induced lesions was different from that of MB-induced lesions. While MB plus VL induces a large excess of Fpg-sensitive sites, PHY photosensitization mostly induced single strand breaks (Figure 1 ). The major difference between these two profiles is in the number of Fpg-sensitive sites generated by the treatments. The excess of Fpg-sensitive sites generated by MB photosensitization can be explained by the production of 8-oxodGuo, which was not detected after PHY plus VL treatment. In fact, the profile of DNA damage induced by phycocyanin was quite similar to that induced by ionizing radiation or by hydrogen peroxide in the presence of transition metals (3, 35) , but was different from that induced by molecules which involve solely singlet oxygen as the major species responsible for the DNA modifications, such as heat decomposition of 3,3'-(1,4 naphthylidene)-dipropionate endoperoxide, NDPO 2 (3). Since PHY photosensitization did not induce 8-oxodGuo in DNA (Figure 2) , we conclude that singlet oxygen is not being produced or is immediately quenched by the apoprotein itself. This reasoning is valid when PHY anti-inflammatory properties are associated with oxygen free radical scavenging (12) . Since the tetrapyrrolic chromophores are found in the apoprotein core (19) , the production and diffusion of singlet oxygen may be hindered by the shielding and quenching effects of the apoprotein. Therefore, PHY photosensitization may occur via a type I reaction. The Fpg-sensitive sites found in DNA after PHY photosensitization may be due to the induction of open imidazole ring purines, such as 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine (MeFapyGua) or 4,6-diamino-5 formamidopyrimidine (FapyAde), which can be found in DNA after reaction with · OH radical (34) . In addition, PHY-photosensitized DNA also presents Nth-and Nfo-sensitive sites, which may constitute oxidized pyrimidine-derived lesions and AP sites, respectively.
Phycocyanin was incapable of sensitizing Saccharomyces cerevisiae probably due to a cell wall barrier that prevents phycocyanin from penetrating and exerting its effects. We have shown that phycocyanin could interact with Gram-positive, but not Gramnegative, bacteria, which could justify its effectiveness in sensitizing Staphylococcus epidermidis, but its failure in sensitizing Escherichia coli (10) . This same problem arose when MB was used to sensitize DNA repair mutants of E. coli, a fact that led researchers to sensitize plasmid DNA in cell-free systems to study DNA repair (36) . For the reasons considered above, YEplac181 plasmid DNA was photosensitized in vitro and used to transform a series of S. cerevisiae DNA repair mutants. Considering the two binomes fpg/OGG1 and uvrA/RAD14, we can propose that the plasmid survival obtained in S. cerevisiae after PHY phototreatment is different from that obtained in bacterial hosts (10) . Indeed, after PHY plus VL treatment, plasmid survival was only diminished in the M. Pádula and S. Boiteux fpg/uvrA double mutant of E. coli, while its survival in the single mutants was similar to that in the wild type strain (10) . Similar results were also obtained when plasmid DNA was treated with MB plus VL and used to transform these same E. coli repair mutants (36) . On the other hand, in S. cerevisiae, plasmid survival after PHY photosensitization was greatly reduced only in rad14 mutants (Figure 3 ). Plasmid survival in the double mutant ogg1 rad14 was the same as that in the single mutant rad14, indicating that an ogg1 mutation against a rad14 background had no effect on plasmid survival. Moreover, plasmid survival in the ogg1 single mutant was similar to that in the wild type strain, showing that the OGG1 gene itself does not play a role in the repair of the lethal lesions induced by PHY plus VL. The same results were obtained for plasmid DNA treated with MB plus VL and used to transform the S. cerevisiae strains (Figure 4) . In E. coli, the Fpg protein and NER system are able to recognize PHY-or MB-induced lesions independently and to perform DNA repair. Plasmid survival is only diminished in the absence of both activities, indicating that Fpg and NER recognize the same DNA lesions. In S. cerevisiae, only the NER system is able to recognize PHY-or MB-induced lesions since plasmid survival is not altered by inactivation of the OGG1 gene. Apparently, the difference between bacterial and yeast repair of PHY-and MB-induced lesions may reside in the Fpg/Ogg1 substrate specificity, in a possible BER backup conferred by the Ntg1 protein and, finally, in the NER backup of S. cerevisiae (32, 37) . If PHY photosensitization does not induce 8-oxodGuo in DNA, the Fpg-sensitive sites found after DNA treatment may be due to Me-FapyGua or FapyAde lesions. Both are lethal lesions that can be well recognized by Fpg protein, but only Me-FapyGua is recognized by Ogg1 (21, 32) . In addition, the Ogg1 protein has a marked preference for AP sites opposite cytosine, while the Fpg protein cleaves AP sites opposite any one of the four DNA bases (32) . Although MB produces high levels of 8-oxodGuo, this may not be important in terms of plasmid lethality since it is a pre-mutagenic rather than a lethal lesion (25, 38) . Besides, if MeFapyGua, FapyAde, and even 8-oxodGuo lesions were not repaired by the Ogg1 protein, they may be recognized by the Ntg1 protein in S. cerevisiae (37, 39) . Since E. coli does not possess a backup system for oxidized purine lesions, the simultaneous inactivation of the fpg/uvrA will result in plasmid lethality. In S. cerevisiae, since Ntg1 may serve as a backup for Ogg1, plasmid lethality is only observed in the rad14 mutants. Consequently, one may suppose that the NER system of S. cerevisiae differs from that of E. coli in terms of lesion recognition and repair, since the former is responsible for the repair of PHY and MB lethal lesions that are not recognized by Ogg1 or Ntg1.
In conclusion, the results reported here demonstrate that PHY photosensitization induces mainly single strand breaks in DNA and, to a lesser extent, base oxidized sites. Furthermore, oxidative damage induced by PHY plus VL is repaired differently in Escherichia coli and in Saccharomyces cerevisiae, a fact that may be due to a BER backup conferred by the Ntg1 protein and to a NER backup of Saccharomyces cerevisiae.
